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EFFECTIVE TARGET MASS IN PION-PROTON INTERACTIONS 
CHAPTER I 
Introduction 


The fundamental problem of nuclear physics is to determine the 
nature of the forces between nucleons. This problem is made difficult 
by the fact that the force is of very short range and cannot be ob- 
served in detail in the same manner that gravitational and electro- 
static forces can be observed. 

Several potentials have been suggested to account for the nuclear 
force. The most physical of these has been the one of Yukawa who sug- 


gested a potential of the form 


2-0 
V (r) = g 


in which r, is the range of the force field and g is the coupling con- 
stant analogous to charge in electrostatic fields. If one assumes the 
energy of the nuclear force field to be quantized in the same manner as 
energy in the electromagnetic field, then there must be quanta associ- 
ated with the nuclear force field analogous to photons in the electro- 
magnetic field. The mass of these quanta can be related to the range 


h 


of the force by the relation for Compton wavelength, Pa es e 


quantity rg has been determined experimentally to be of the order of 
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I πι The mass, using this value for r is calculated to be very 


د0 
close to the mass of the pion, 139.6 MeV/c, and it is suggested that‏ 
pions are indeed the quanta for nuclear force fields. The general idea‏ 
of this force field is that these pions are continuously being virtu-‏ 
ally emitted and absorbed by nucleons, thereby creating the field‏ 
around the nucleons.‏ 

This idea has led to the hypothesis that a nucleon consists of a 
dense core surrounded by a virtual pion cloud. If this is the case, 
interactions with nucleons might appear to be interactions with pions 
in somewhat the same way that interactions with atoms are often seen 
to be interactions with electrons. 

One might test the validity of having virtual pions as targets in 
high energy collisions by examining pion-nucleon interactions in which 
the nucleon recoils with low energy. In this situation the nucleon: 
is treated as a spectator to an interaction between the pion and some 
effective target within the nucleon. The effective target mass in an 
interaction of this sort can be determined experimentally by measuring 
the momenta and angles of the secondary particles from the interactions, 
excluding the recoil nucleons. 

Before the interaction we have, in the laboratory system, a pion 


— 
with momentum P. approaching a target which is assumed to be at rest. 


L 


FJ 


aS ا‎ . target 
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By definition of the center of mass systeml, 


P +P -ο. 1 
Bl ps (1) 


Laboratory and center of mass quantities can be related by Lorentz 


transformation?, 


= Y (Po E.) 


' 7 0 = UN 
Pror = % Pror AEren) = - IA Moon 
where Ó, = v/c, v is the laboratory velocity of the center of mass, E 


is energy and 


Then, from equation (1), 


Z'c (Pg کر‎ pied = FP Moor 


and, 


Moor = fee | (2) 
C 


The interaction creates a shower of secondary particles. 
Pi 
= 


lPrimed quantities refer to the center of mass Ὁ unprimed quanti- 
ties to the laboratory system. 


In this thesis, a system of units is used such that c = 1. 
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Here P: and 8; are the laboratory momentum and space angle of the jth 


particle. By Lorentz transformation to the center of mass system, 


P;cos @; = 2 (Picos 0, - 4.E;) ۱ (3) 


Also, if one sums over all final state particles, 


=> P, = 0 


Hence, 


II 
° 


= Plcos e 
and, by equation (3), 
= 7.(Pycos 0; - Ey) = 0 


Therefore, Ée is given by 


_ = P;cos 8; 
— E; 


2 ο (4) 
and Mpap can be determined from equation (2). This method of deter- 
mining Mpep will be referred to as Method I. 


lf one uses only one event to determine /6 in this manner, it is 


6 
necessary to know the mass, the momentum, and the direction of each 
particle in the event. This is, in general, not possible since neutral 
particles which leave no tracks in the emulsion are almost always 
emitted. However, if one uses a large number of tracks from many 
events and assumes that neutral pions have the same angular and energy 


distributions as charged pions, then it is necessary only to know the 


masses, momenta, and directions of a representative set of tracks since 


— e em — 
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5 
É. is a ratio of sums and does not depend on the number of tracks in- 
volved. 

Since one cannot, in general, measure the momentum of every parti- 
cle and, perhaps, may not even be able to measure the momenta of a re- 
presentative sample of particles, an alternative formulation would be 
of use. Investigators (1); Q2, (3), (4) have found evidence that the 
average transverse momentum for shower particles in high energy inter- 
actions is very nearly independent of space angle. If this is true, 
then transverse momentum for each track in a group can be considered 
a constant equal to the average transverse momentum, and an alterna- 
tive formulation for 4 ¿ in terms of angles and masses is obtained. 


Thus, if one substitutes 
Po = P.sin ©. in equation (1), 


then 


Æ cot 0; 


2 . 2 
Z (esce & + —_ 5 
Pp? 


— 


Determination of Mr using this 6, will be referred to as Method II. 
The two methods described above for determining (δ. can be com- 
bined to give a single value of (ome for a group of particles for which 
the measurement of momentum is possible for only a percentage of the 
group. In this method one can use the average transverse momentum of 
the particles with measured momenta to estimate the momenta of the re- 
maining particles. Rather than use the average transverse momentum 


calculated for all particles, it is better to use an average transverse 
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momentum appropriate to a certain range of space angles to estimate 
unmeasured momenta in this angular range.  Unmeasured momenta are de- 
termined by _ 
e 5 

sin 9; 
where Pr is the average transverse momentum in the angular region con- 
taining Oi. 

Using this method all charged secondary particles have a value 
for momentum, and equation (4) can be used to determine 6... Deter- 
mination of Mygr using this Ê. will be referred to as Method III. 

The accuracy of these three methods of determining effective 
target mass can be examined by calculating the total target mass using 
each method. If the recoil nucleons are included in the calculations 
of d, the resultant target mass should be that of a nucleon. 

then becomes‏ "یر 

=P,cos e. 4- =P cos 6 


= ہا‎ (5) 
= E, + SE 


(0 


for Methods I and III, and 


4 _ ۲.2 609 0, += P cos e, 
O ج چو‎ )6( 
P, Z (csc20; ye 097 
2 n 

P 
T 

for Method II. The subscript n refers to nucleons. 

It will be noted that none of these methods need use the en- 


tire set of secondary particles, but only a representative set. It is 


necessary, in general, to weight the sums over the secondary particles 





o> — ©) — a í s K'HI 
m ہے‎ η. سو‎ D A A y A αν 


of the representative set to achieve a proper proportion of pions to 


nucleons. Call this weighting factor f. Then 
3 : fEP;cos 98; + = P cos 8. 
ο 
ΞΕ. +2 


for Methods I and III, and 


f ۲.2 cot 0. + SP cos Q 
T 1 n n 


«ὁ - 


ς 





2 
. de 
f XC 8. + Ti j LEE 
i p2 n 
I 


for Method II. 

Several investigators O9)» (6), (7), (8) have used formulations 
similar to these to obtain values for the effective target mass which 
are very close to the mass of the pion. This has given strength to 
the argument that an interaction between a pion and a nucleon is some- 
times an interaction between a pion and the pion cloud surrounding the 
nucleon. 


9) 


Some "و رٹ‎ argue that the effective target mass can- 
not be related to the pion cloud and the fact that the effective target 
mass is of the order of the pion mass is a kinematical accident. If 
the reported value for this mass is truly a kinematical accident, a de- 
termination of the effective target mass using separate groups of pion- 
nucleon interactions in which the kinematics differ distinctly should 
yield distinctly different results. The purpose of this thesis is to 


examine interactions between pions and protons with these ideas in 


mind. 
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CHAPTER II 


Experimental Procedure 


Equipment 


The experiment consisted of examination and analysis of pion- 
proton interactions in Ilford K-5 emulsions which had been exposed to 
a 16.2+0.64 BeV/c negative particle beam at CERN. The beam consisted 
of greater than 90 per cent negative pions, with a small admixture of 
muons, kaons, and antiprotons. The emulsion stack, consisting of 56 
plates with dimensions of 7.5 cm x 15.0 cm x 600 microns, was one- 
third of the LIS stack. 

Scanning for interactions was accomplished by the along-the-track 
method using a Spencer binocular microscope mounted on a special stage 
constructed in the University of Oklahoma physics department machine 
shop. A 15 X Compens eyepiece was used in conjunction with a 55 X 
Koristka objective. Scanning speed was controlled at 20 cm/hr by an 
electrically driven stage. Minimum ionizing tracks in the beam direc- 
tion were picked up about 4.0 mm from where they entered an emulsion 
plate and followed until they either interacted or left the plate. 

A Leitz-Wetzler Ortholux binocular microscope head with Leitz 
focusing mechanism was used for detailed examination of events. This 
head was mounted on a traveling stage also constructed in the physics 
department machine shop. The stage was painstakingly refined to 
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9 
eliminate noise to allow the microscope to be used for multiple Coulomb 
Scattering measurements. Deviation of the stage motion from a straight 
line was sufficiently small to allow reasonably accurate measurement of 
the momenta of 16.2 BeV pion tracks in the emulsion using cell lenght 
of about 1500 microns. Ames micrometer dials with an accuracy of about 
0.1 microns.were attached to the stage for lateral measurements in the 
plane of the emulsion. Eyepiece and objective magnifications used 
varied from 10 x 10 to 12.5 x 100. Scattering measurements were made 
with a Leitz 12.5 X monocular micrometer eyepiece in conjunction with 
a Lietz 100 X objective. Accuracy of the eyepiece at this magnifica- 


tion is estimated to be better than .003 microns. 


Selection of Events 


A variety of interactions, including pion-proton, pion-neutron, 
pion-electron, and pion-nucleus, may occur in the emulsion. It is the 
pion-proton interaction that is of interest in this paper and one must 
use care in the selection of events which fit this category. It is not 
possible to be absolutely certain that a given event is a pion-proton 
interaction. However, it is possible to eliminate an event from con- 
sideration if it does not conform to well known conservation laws and 
kinematical principles. 

Charge conservation is one of the more obvious characteristics 
to satisfy. However, even win this one may not be certain in the 
selection. The event must have an even number of:tracks if all 
secondaries are singly charged since the total charge before the 


collision is zero, and the charges of an odd number of singly-charged 


— —— > 
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particles cannot add to zero. This does not insure compliance since 
negatively charged particles cannot be distinguished from positively 
charged particles in the emulsion, and the charges of an even number 
of tracks may add to something other than zero. Events which have a 
dark blob at the point of interaction can be classified as pion-nucle- 
us collisions and therefore eliminated from consideration. Events 
with low-energy electron tracks, which are usually easily distinguish- 
able, can also be eliminated since these tracks are those of Auger 
electrons which are associated with interactions with heavy nuclei. 
Conservation of baryons demands that, unless p p production occurs, 
no more than one proton be included in the secondary particles. This 
effectively eliminates all events with more than one identifiable pro- 
τσι. 

Events with a proton track at a angle greater than 90? from the 


direction of motion of the incident pion can be eliminated kinemati- 


cally. Using notation defined above one obtains, 
m 0 P, cos 9 τ 
cos =o Pu د سا‎ 
p un: 
7 


where the subscript p refers to the proton. Now, if one substitutes 


= ° ۱ = piss ' 
Pocos ©, = Posin O cot θρ Ppsin Əpcot 9, E 


then 


P'sin @ cot © 
P'lcos e! 2 ΠΠ 
p p C P 
Ie 
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and 


cot Op -- 


= — csc + οοἳ Θ' 


ra pou P P 


P 


T 
if 9p7 5 > then cos 9,<0, and 


C 
—— csc @' + cot Q'« 0. 
A O < 


i 
p 
This implies that 2 


cos o, [^ Se 


B 





and 


2 


: ۱ Ον 

We conclude that, if the angle of the track is to exceed 90 , its 
velocity in the center of mass system must exceed the laboratory ve- 
locity of the center of mass. 


(10) 


It can be shown that the maximum center of mass velocity a 
particle can achieve in an interaction occurs when all other particles 
involved in the interaction move off as one body in the opposite di- 
rection. Thus, the maximum velocity of the proton in the center of 


mass system occurs when all the pions in the interaction move off to- 


gether. Therefore, we have 


P <—— nT 
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where nm refers to n pions moving together as one body. Now 


pr“ 5 اف‎ 
Then 
He? -inigh = E, -n^m2 (6) 
If one squares the equation 
Eu gS tos 


T p nT 


where ET is the total energy in the center of mass system, one ob- 


tains 
2 


ae) ο. 2 
Eng ^ En ΕπΕς + E, ; (7) 


Substituting Eq. (6) into Eq. (7) one gets 


; _ E + یسب وه‎ 
P ' 
2ET 


This implies that ET hence J ' , is maximum when n is one. 
p P 


1 
For the case of one pion Br is constant and is given by 


E! = Ζ΄ αι = 7 (E - 3 P) = m 
p pP ۵ ۰ و‎ ο Ρ ο Ρ 


Therefore, the maximum velocity of the proton in the center of mass 


system is given by 





13 
Thus, the velocity of the proton in the center of mass system cannot 
exceed the velocity of the center of mass, and the angle of the proton 
track in the laboratory system cannot exceed 90%, 

It is believed that these selection rules have enabled us to ob- 
tain a group of events the majority of which are either interactions 
of pions with free protons or with protons which are loosely bound in 
nuclei. 


Measurements 


The desired information to be obtained from examination of the 
events consisted of momentum and space angle for each particle track. 
Space angle refers to the laboratory angle between a particle track 
and the direction of the incident pion. It is determined from the re- 


lation 


cos 8 = cos ϕ cos Y 


where © = space angle, Ó = projected angle and Y - dip angle.  Pro- 
jected angle refers to the projection of the space angle onto a plane 
perpendicular to the line of sight, while dip angle refers to the pro- 
jection of the space angle of the track onto a plane through the track 
and perpendicular to the plane of the emulsion. 

Angle measurements were accomplished in two steps. The pro- 
jected angle was measured using an eyepiece goniometer constructed in 
the physics department shop. Accuracy of this goniometer is estimated 
to be + 1 minute of arc. Dip angle was determined by measuring its 
tangent, which is the ratio of the true change in depth of a track seg- 


ment to the length of the segment projected on the plane of the emulsion 
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14 
plate. The measured change in depth was accomplished using a micro- 
meter attached to the focusing mechanism of the microscope. The ac- 
curacy of this micrometer is + 0.2 microns. Micrometer readings were 
noted while focusing first on one end and then on the other end of the 
chosen length of track. The difference between the two readings gave 
the measured change in depth of the track. This measured change in 
depth must be corrected for the shrinkage of the emulsion which oc- 
curred in the developing process. The average shrinkage factor was de- 
termined at Berkeley to be 2.372. The emulsions were kept at carefully 
controlled temperature and relative humidity to ensure a constant 
shrinkage factor. The true change in depth is then 2.372 times the 
measured change in depth. 

Range measurements gave the momenta of stopping tracks while 
momenta for minimum ionizing tracks were determined by measuring the 
deflection of the tracks due to multiple Coulomb scattering. It was 
not possible to accurately measure the momentum of a minimum ionizing 
track whose length in the emulsion plate containing the interaction 
was less than 2.0 mm. However, scattering measurements were made on 
all tracks whose lengths were at least 2.0 mm in the plates containing 
their interactions. Noise elimination in the momentum calculations 
was accomplished by using a modified form of Barkas' method (11) The 
modifications ‘!2) concerned dropping Barkas' assumption phate yf x7 = 0 
and realizing that difference products ۹0-902 ct all orders are 
not independent of one another. Using mean square averages of the in- 


dependent second, third, and fourth differences, one obtains 
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as the mean square noise-corrected second difference. The equation 
used for mean absolute second difference assumes that second differ- 


ences have a Gaussian distribution. Thus, 


2 1% 
»- [2 4] 


The standard cut-off at four times the average absolute second differ- 
ence was used along with the corresponding scattering factor. P was 


then determined from 


" 7/2 
Pß = Ben 
573D 
where K, is the dimensionless scattering factor, t is the cell length 
in microns, and 573 is a factor which gives units of MeV for PB when 
D is measured in microns. 
Scattering measurements were made using a base cell length of 
200 microns. The number of second difference measurements varied for 
each track, .usually being more than 10 and less than 100. Calcula- 
tions for momenta were made at the base cell length and at every mul- 
tiple thereof with the limitation that ten be the minimum number of 
measurements used for a calculation. The method of overlapping cells 
was used, giving one value of PS at the measured cell length, two 
values at twice the cell length, etc., up to m values at m times the 
measured cell length, where m is limited by the number of measurements 


initially recorded. A single value of PS was determined for each cell 





16 
length by averaging the different answers. The values for the differ- 
ent cell lengths were then compared. It was noted that these values 
varied from one cell length to another, usually becoming more consis- 
tent with increasing cell length. The value of P,Ó used in subsequent 
calculations was chosen from the values at the higher cell lengths 
which were in close agreement with one another. This selection was 
accomplished by comparing the standard deviations in the measured 
values at different cell lengths. The value of P with the least 
standard deviation was chosen as the best value. 

In order to determine momenta from values of P , one must as- 
sume masses for the minimum ionizing particles. In all subsequent 
calculations it was assumed that all the minimum ionizing particles 
were pions. Therefore, the mass of the pion was used for determining 


momentum from D ; 
Errors 


The error in each calculation of P @ was determined by consider- 


ing that two-thirds of the scattering measurements used for calculation 


(11) 


were independent and then using the statistical estimation, 


APG = _ 5 
7 


where n is the number of the measurements used for the calculation. 


The error for the average P4 was calculated from 


m jJ 
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m 





17 
where m is the number of values used to calculate the average. 

The error ih space angle, 0, involved errors in measurement of 
projected angle, ϕ, and dip angle, y . The error in measurement of q 
was determined by repeatedly measuring a representative group of angles 
and then calculating the probable error for each angle in the group. 
The probable errors for these angles were very nearly the same, so 
their average of 0.004 radians was used for the error in each pro- 
jected angle. Error in the measurement of a dip angle was due to the 
error in measuring the change in depth of the track. The average error 
determined by repeatedly measuring a representative set of tracks was 


found to be 0.6 microns. Space angle error was then determined from 


Ae 


ES Ab)? + (Ze Az)? | 


Ne 


csc 8 | (sin b cos V Ae)? + (cos b sin Y cos? a 21892 | 


Errors in target mass were calculated from 
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where AP, is 0.64 BeV, and A for the effective target mass is 


A Moor 


given by 
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for Methods I and III, and by 
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for Method II. 


Error in fa 2 for total target mass is given by 
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Error in P+ was determined by the statistical estimation, 


Nr = 


T 


zl 


where n is the number of measurements used to calculate Pr 
In Method 1 ۱ for any particle with unmeasured momentum 


was determined from 
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CHAPTER III 


Results 
Data 


In scanning 514 meters of track, 60 events satisfying the cri- 
teria for pion-proton interactions were found. A total of 342 meters 
of track was scanned at Berkeley where 37 of the events were recorded 
and measured. The remaining events were recorded and measured here. 
There were 262 tracks associated with these events, of which 33 were 
heavily ionizing and 229 were minimum ionizing. The heavily ionizing 
tracks were assumed to be due to protons while the minimum ionizing 
tracks were assumed to be due to pions. The average number of minimum 
ionizing tracks per event was 4.37+0.56. Figure 1 shows the distribu- 
tion of the number of pion tracks per event. Data for all tracks is 


listed in TABLE ۰ 
Determination of Effective Target Mass 


The methods developed in Chapter I for determining the effective 
target mass involve assumptions which can be compared with the experi- 
mental data. In Method I it was assumed that a representative set of 
pion tracks would be used in the determination of .كم‎ Since the e- 


quation for É c involves the use of only those particles with directly 
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30 
measured momenta, one must compare the angular distribution of the 
tracks with measured momenta with that of the entire set of tracks to 
determine whether or not the set with measured momenta is representa- 
tive. This comparison is shown in Figure 2. One notes that the dis- 
tributions are dissimilar in that most of the momenta of the tracks in 
the lower angular range were measured while relatively few of the 
momenta of the tracks in the higher angular range were measured. Thus, 
one concludes that the set may not be a truly representative set. 

Method II involves the assumption that transverse momenta of the 
pions can be treated as a constant. Figure 3, which represents our 
data, and the meiterences «2s (2), CG), @) mentioned above indicate that 
E. which was used as the constant, varies with angle up to about 
10?-15? and then appears to level off. Thus, it appears that the as- 
sumption is invalid at small angles but is a fair approximation at 
angles greater than 10? 

Method III, which is combination of Methods I and II, would seem 
to be an improvement on either. It was possible to measure the 
momenta of almost all tracks in the angular region between 0? and ιο. 
and, since the assumption of constant transverse momentum seems valid 
for the remaining angular region, it would appear that the possible 
discrepancies in Methods 1 and II have been eliminated. 

Average transverse momenta for Method IIT were calculated from 
tracks with measured momenta to be 177+25 MeV/c for the angular region 
between 0° and 5°, 297+44 MeV/c for the angular region between 5° and 


10°, 348+87 MeV/c for the angular region between 10° and 15^, and 
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3804105 MeV/c for angles greater than 15°. It was not necessary to 
use an average transverse momentum in the angular region between O; 
and 5°? since the momenta of all tracks in this region were measured. 
The average transverse momentum of all tracks was used for Method II. 
Tracks with unmeasured momenta were included by assuming the average 
measured transverse momentum in the appropriate angular range for each 
unmeasured track. The overall average transverse momentum was calcu- 
lated to be 308+28 MeV/c. 

Effective target mass was calculated using each of these methods 
for several different groups of events. In addition to a calculation 
for the entire set of 60 events, the set was divided into groups ac- 
cording to the number of observed tracks per event, and calculations 
were made for the various groups. These groups are defined in TABLE 2, 
which shows the number of events, the number of pion tracks and the 
number of measured pion tracks for each group. 

Calculations were also made for the set of events which had low- 
energy recoil protons with measured momenta. These protons had kinetic 
energies of less than 175 MeV. This set was divided into groups as 
shown in TABLE 3. 

Results of these effective target mass calculations are found in 


TABLES 4 and 5. 
Determination of Total Target Mass 


As indicated in Chapter I weighting factors must be introduced 
into total target mass calculations to obtain a representative set of 


secondary tracks. The weighting factors for the three methods are 
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TABLE 2 


Division of Groups of Events for the Entire Set 


# Tracks/Event 2:44 
# Events 41 
# Pions 106 


1 Measured Pions 63 


6,8,10 


19 


123 


60 


2 


7 


23 


19 


4 6 
24 12 
83 67 
44 B3 


38 


17 
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TABLE 3 


Division of Groups of Events 


for the Set With Low-Energy Recoil Protons 


# Tracks/Event All 24 6,8,10 
# Events 28 20 8 


# Pions 92 44 48 


# Measured Pions 58 30 28 


1 





4] 


TABLE 4 


Effective Target Mass in MeV/c? for the Entire Set of Interactions 


1 . METHOD I METHOD II METHOD III 


Event rate ogre s اا‎ 


A11 156 8 209 469 761 49 
2,4 93 6 130 359 650 59 
6,8,10 284 18 552 18 925 65 
2 50 4 27 134 231 26 

4 118 9 265 182 858 87 

6 212 14 510 23 757 68 


8 389 36 905 38 1140 132 
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TABLE 5 


Effective Target Mass in MeV/c^ for the Set of Interactions 


# Tracks 
Per 
Event 


All 


2. 


6,8,10 


with Low-Energy Recoil Protons 


METHOD I 
Μπες. AMrer 
160 A 
24 8 
379 3] 


METHOD II 
Μποτ AMrcr 
169 111 
p 63 
486 59 


METHOD III 


AMrer‏ مجم" 


478 36 
243 137 
941 9? 
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determined from various considerations. For each group one must normal- 
ize the number of pions used for calculations to the total number of 
pions emitted in the events included in the group, and one must perform 
a similar normalization for protons. Let fj be the factor which normal- 
izes pion sums and f, be the factor which adjusts proton sums. Then 


the weighting factor used in Chapter I is given by 


η 


لم دع 


2 

One will, on the average, observe only two thirds of the emitted 
pions since charge independence of nuclear forces implies that about 
one third of the emitted pions should be neutral and will leave no 
tracks in the emulsion. Then fi will be 3/2 for all groups in Methods 
II and III in which all observed pions are used for calculations. 
Method I uses only pions with measured momenta and, therefore, another 
factor in addition to 3/2 must be introduced in determining fi for this 


method. f becomes 


where Nn is the number of tracks with measured momenta and N, is the 
total number of observed tracks. 

Conservation of baryons demands that (unless p p production oc- 
curs) one and only one nucleon be emitted in each interaction.  Al- 
though proton tracks can be observed in the emulsion, momenta were not 
determined for all proton tracks. Events without an identifiable pro- 


ton were assumed to include a neutron with an average energy and angular 
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distribution equal to those of the measured protons. This assumption 
was made because all identifiable protons had kinetic energies less 
than 175 MeV. Although protons with kinetic energies up to at least 
500 MeV should be readily identifiable, none with energies between 
175 MeV and 500 MeV were observed. Accounting for these considerations, 


f2 becomes 


E 


fo = 


where N, is the number of protons with measured momenta and N, is the 
p ۲ e 


number of events considered in the calculations. The factor f becomes 


N N 

e= O) qD qb 
for Method I and 

f= ©) رف‎ 

e 
for Methods II and III. 
These factors are listed in TABLES 6 and 7 for each group of 

events for which a calculation of M was made. Results of the cal- 


TGT 


culations of total target mass are listed in TABLES 8 and 9. 
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TABLE 6 


Weighting Factors for the Entire Set of Interactions 


# Tracks/Event All 2,4 6,8,10 2 4 6 8 


Method I 1.30 1.25 1,29 0.85 1.41 27 1.34 


Methods II & III 0.70 0.73 0.63 01 O75 0.63 0.60 
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TABLE 7 


Weighting Factors for the Set of Interactions 
with Low-Energy Reeotl Protons 
# Tracks/ Event All 2,4 6,8,10 
Method I 2238 220 297 


Methods II & III 1250 1.50 1.50 
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TABLE 8 


Iotal Target Mass in MeV/c for the Entire Set of Interactions 


d assia METHOD I METHOD II METHOD III 
RSS Mrer AMrer Mrer AMrer Mrer A Mp 
A11 920 43 571 * 1859 90 
2,4 943 47 432 1891 105 
6,8 969 57 1180 1819 103 
2 1457 88 260 1883 IIS 
4 797 45 655 1890 125 
6 926 66 1228 1681 110 
8 957 86 1655 1921 171 


‘Errors for Method II were, in general, much larger than the values 
for Myer: This is a result of the problem discussed in Chapter IV. 
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TABLE 9 


Total Target Mass in MeV/c? for the Set of Interactions 


with Low-Energy Recoil Protons 


1 k METHOD I METHOD II METHOD III 
er 8پپپپ)+]‎ — NN του μη 
Event Mrer AMrer  “rer AMrer Mrer Alter 
A11 970 51 oes * ہل‎ 82 
771 943 54 502 1378 77 

6 ۵ 10 1162 87 1068 1869 141 


"Errors for Method II were, in general, much larger than the values 


for Mier’ This is a result of the problem discussed in Chapter IV. 





CHAPTER IV 
Conclusions 


The question of which of the three methods of determining ef- 
fective target mass is more correct is answered by a study of TABLES 
8 and 9 and an examination of the effects of the assumptions made in 
Methods II and III. A correct method of determining target mass should 
yield values of total target mass consistent with the mass of the pro- 
ton, 938 MeV/c2, if selection of events was accomplished properly.  Ex- 
cept for the group of events with two tracks per event, which yields a 
mass value of 1457-88 MeV/c?, the values of total target mass deter- 
mined by Method I are all very close to the mass of the proton. The 
disagreement in the two-track group can be explained by a closer ex- 
amination of the events used for this calculation of target mass. One 
can see by examining the data in TABLE 1 that events 15-101, 15-175, 
30-291, 24-456, and 41-15 have coplanar tracks, one of which is a pion 
track, the other a proton track. This implies that these events are 
probably elastic collisions. The momenta of the protons in three of 
the events were determined from angles and the assumption that the 
collisions are elastic. The momentum values obtained in this way 
agree, within error, with the values determined by range measurements. 


This gives further evidence that the events are elastic collisions. 
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Momenta of the protons in the remaining events were not measured by 
the range method and, therefore, a comparison is not possible. 

If one assumes that these events are elastic collisions, the 
momenta of the secondary pions can be determined more accurately by 
measuring only the angle of the proton track. Calculations show that 
all pions in these events have momenta of 16.2+0.8 BeV/c if the col- 
lisions are elastic. One notes that this value is significantly 
higher than the value calculated by scattering methods for each of the 
pions. It was noted in selecting P/ for these particles that the 
values determined by scattering at different cell lengths varied con- 
siderably. Thus, the choice of which PL to use was not as precise as 
in most cases. 

Events 31-392 and 41-18 also have coplanar tracks, but both 
tracks are minimum ionizing. If one assumes that these events are 
elastic collisions, then one of the minimum ionizing tracks in each 
event must be due to a proton. 

The weighting factor, f, used in the determination ot مگ‎ for 
this group should be adjusted to account for these events. Calcula- 
tion of total target mass for this group considering that these col- 
lisions were elastic yields a value of 903+55 MeV/c. It appears then, 
that although discrepancies occur in the angular distribution, the set 
of tracks with measured momenta is representative of the entire set 
and that Method I is a reliable method of calculating effective target 


mass. 
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The values of total target mass determined by Method II are, 
with few exceptions, much less than the mass of the proton. Since 
the minimum acceptable total target mass is the proton mass, this in- 
dicates that Method II is unacceptable as a means of calculating target 
mass. The fault in the method almost certainly lies in the assumption 
of constant transverse momenta for the region of small angles. One can 
see from Figure 3 and the earlier references 02, (02, 02, 0) that 
average transverse momentum is definitely not constant in the angular 
region between 09 and 109. If one considers the fact that the cotan- 
gent and the cosecant approach infinity as space angle approaches o". 
then it is not surprising that total target mass is underestimated by 


Method II since, for this method, 


£ PZ cot 9, لتر‎ Oe 8, 


ο” 0 
arene e ar 
T 1 p 2 n 
T 





which approaches unity if any 0, — 0°. Therefore, under the same 


circumstance, 


There are, in fact, several tracks with very small angles in the 
total group and it is due to these tracks that total target mass is 
underestimated by Method II. It should be noted that the tracks with 
small angles do not have as much effect on the calculations of ef- 
fective target mass since in this case AF is close unity even if the 


tracks with small angles are neglected. 
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Method III, which seems to be an improvement on Methods I and II, 
yields values of total target mass which are approximately twice the 
mass of the proton. Here again the fault may lie in the assumption of 
constant transverse momentum. The momenta of tracks with small angles 
were directly measured in Method III and, therefore, the problem dis- 
cussed above for Method II is not a factor. However, closer examina- 


(1), 2), 32, (4) 


tion of Figure 3 and the work of others reveals that 
small statistics are used in the determination of the average trans- 
verse momentum in the angular region between 15° and 180°. In this 
paper, the average transverse momentum for the 86 tracks with angles 
between 15° and 163° was determined using the measured transverse 
momenta of only 13 tracks. The space angles of these measured tracks 
ranged from 7550 الو‎ 55/1 Thi's certainly leaves room for one to doubt 
the values of momenta estimated for tracks in this angular region. If 


the momenta of these tracks have been overestimated, then it follows 


that target mass has been overestimated. In 


SP 20050; 
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Pi cos ©; becomes small at angles near 90° for a given value of P;, 


while E; is large because of overestimated momenta. The 8. becomes 
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One concludes from the above discussion that Method I is the 
most correct method of evaluating effective target mass, and there- 
fore, the values of effective target mass listed in TABLES 4 and 5 for 
this method will be taken as the best values. 

It was proposed in Chapter I that one might test the validity 
of having virtual pions associated with nucleons as targets in high 
energy collisions by examining pion-nucleon interactions in which the 
nucleon recoils with low energy. The group of events with measured 
low-energy recoil protons are in this category. One notes, by refer- 
ence to tables 4, 5, 8, and 9, that the values of target mass deter- 
mined for this group differ very little from the values determined for 
the entire set of events. It appears then that there is little differ- 
ence between the group with measured low-energy recoil protons and the 
entire set insofar as calculation of target mass is concerned. The 
value of effective target mass calculated for all events in the entire 
set, 156+8 MeV/c*, agrees reasonably well with values calculated by 
hers 93506), (7) 509). 

If the idea of having virtual pions as targets is to have physi- 
cal meaning, then the values of effective target mass calculated for 
the different groups of events defined in TABLE 2 should be the same. 
Figure 9 is a plot of effective target mass versus the number of ob- 
served tracks per event in the different groups. It is noted that ef- 
fective target mass depends on the number of tracks in the event for 
which it is calculated. This implies that an effective target within 
the proton does not exist, as such, at least for this type of collis- 
ion, and that the value for effective target mass is determined by the 


kinematics of the events used in its calculation. 
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Variation of Effective Target Mass for Different 
Groups of Events 
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gr AS AES 4 ie! RE ER ARES : 
νο Εν تن المت‎ e dh ZAS Reha ga E E رک‎ 
چ نات‎ E a 3 ; AES ΞΣ E زر‎ hoe 
I - 0 Se T e we ç ace ry d. و‎ ope CL KG URP εν Le vit 
یج‎ με E CM PET IUE T 
ARI E RS ESTER 
A و کر و‎ SAREE 
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M ین‎ ος Sr AS dd: ری می سے‎ ۰ uw od 
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